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Distribution of pyruvate carboxylase along the rat nephron: An immu-
nológical and enzymatic study. Antibodies against purified rat-kidney-
cortex pyruvate carboxylase were raised in rabbits. These polyspecific
antibodies recognize pyruvate carboxylase enzymes alone without
cross reactivity with other carboxylases as detected by immunoblot-
ting. The abundance of pyruvate carboxylase in the various renal
fractions was measured by ELISA and its activity by the fixation of
['4C]CO3H. The results were corroborated by a combination of
immunocytochemistry and transmission electron microscopy. A good
correlation was found between the enzymatic activity and the quantity
of enzyme contained in each fraction. The kidney-cortex pyruvate
carboxylase was primarily located in proximal tubules, in accord with
its important role in gluconeogenesis.
The PC, pyruvate carboxylase, EC 6.4.1.1, is a biotin enzyme
that catalyzes the following reaction [1]:
Pyruvate + CO2 + ATP—* Oxalacetate + ADP + Pi
The enzyme requires Mg2 and a monovalent cation, nor-
mally K; it is also stimulated by acyl-CoA, particularly
acetyl-CoA [2]. Since it was detected first in liver mitochondria,
pyruvate carboxylase has also been localized, with high specific
activity, in the mitochondria of kidney, white adipose and
mammary gland tissues [3]. At these sites it can play an
anaplerotic role in the Kreb's cycle [4], or can contribute to
gluconeogenesis [5], lipogenesis [61, and the biosynthesis of
some amino acids [7].
Although most of the gluconeogenic enzymes in rat kidney
cortex have been studied extensively, it has so far been
impossible to clearly determine the distribution of pyruvate
carboxylase along the rat nephron because of the lability of this
enzyme [8]. This gap in our knowledge is of considerable
importance, bearing in mind that pyruvate carboxylase has the
highest flux-control coefficient in the gluconeogenic pathway [9,
10] and may also be involved in other metabolic functions in the
kidney, such as anaplerosis.
We have purified the enzyme from rat kidney cortex to
homogeneity, and this preparation has been used for inducing
antibodies in rabbits. We have characterized these antibodies
and used them to ascertain the distribution of pyruvate carbox-
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ylase along the nephron using transmission electronic micros-
copy (TEM). We have also studied the location of the enzyme
in rat kidney tubule fractions isolated by means of collagenase
digestion and density centrifugation. The pyruvate carboxylase
activity was measured in these fractions enzymatically, and its
quantity by enzyme-linked immuno-sorbent assay (ELISA). It
was found that this enzyme is primarily located within the
mitochondria of proximal tubules, in accord with its important
role in renal gluconeogenesis.
Methods
Materials
Wistar male rats weighing 150 to 200 g were maintained on a
standard diet and water ad libitum. Pyruvate, NADH, phenyl-
methylsulphonyl fluoride (PMSF), avidin (monomeric)-Aga-
rose, the IgG fraction goat-[rabbit IgG (whole molecule)] anti-
body horseradish peroxidase conjugate and the anti-rabbit IgG
(whole molecule) gold conjugate 10 nm were supplied by Sigma
Chemical Co. (St. Louis, Missouri, USA). Collagenase type H,
D-biotin, Trasylol, coenzyme A, acetyl phosphate, phos-
photransacetylase and citrate synthase came from Boehringer
(Manheim, Germany). Percoil was from Pharmacia (Uppsaia,
Sweden). ['4C]C03H was from Amersham (Buckinghamshire,
UK). Biogel P-200 and all reagents for SDS/polyacrylamide gel
electrophoresis and Western blot were supplied by Bio-Rad
Laboratories (Richmond, Virginia, USA). The ELISA 96-well
plates were obtained from Greiner.
Purification of rat kidney cortex pyruvate carboxylase
Rat kidney cortex pyruvate carboxylase (PC) was purified to
homogeneity using a method which includes a crucial affinity
chromatography step. Briefly, the mitochondrial fraction from
kidney was washed and freeze-dried. PC was then extracted
with 50 ms's Tris-HCI buffer (pH 7.6) containing 4 mM KC1 and
5 mM MgCl2, and the extract was precipitated with an
(NH4)2S04 cut between 18% and 42% saturation. The pellet
was dissolved to a final protein concentration of 7 mg/mi in a
150 mM Tris-HC1 buffer (pH 7.6) containing 150 mrvi KC1, 10 mM
MgCl2 and 10% (vollvoi) glycerol. This fraction was chromato-
graphed through an avidin(monomeric)-Agarose column. Most
of the PC activity was retained and the column was washed with
the same buffer. The PC was eluted after adding 1 mg/ml
D-biotin to the buffer. The active fractions eiuted from the
affinity column were chromatographed on a Biogel P-200 col-
umn equilibrated with 50 ms's Tris-HC1 buffer (pH 7.6) contain-
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ing 10 mM KC1, 10 mrvi MgC12, 1 mi Na4 EDTA and 10%
(voL/vol) glycerol. All buffers used for tissue isolation and
enzyme purification contained 4 /LM PMSF and 15 kalikrein-
inactivating units of Trasylol/mi as protease inhibitors.
Preparation of antibodies
Antibodies were prepared against pure rat kidney cortex
pyruvate carboxylase according to the following procedure: 0.5
mg of the purified protein was mixed with one volume of
complete Freund's adjuvant (Sigma) and injected subcutane-
ously into a rabbit. Additional injections of enzyme with
adjuvant were given at 20, 50 and 65 days after the first
injection. Blood was taken from the rabbit a week after the last
injection and the serum harvested. The lgG fractions of the
serum were purified by ammonium sulphate precipitation and
DEAE-cellulose chromatography [11].
Gel electrophoresis and Western blotting
SDS/polyacrylamide-gel electrophoresis was carried out by
the method of Laemmli [121. Western blotting was performed
according to Towbin, Staehelin and Gordon [13].
TEM immunocytochemistry
The rat kidneys used for TEM were fixed by perfusion for 30
minutes with 2% glutaraldehyde and 2% paraformaldehyde in
PBS [10 m sodium phosphate buffer (pH 7.4) containing 150
mM NaC1]. After dehydration in ethanol the kidneys were
embedded in Lowicryl. Samples for TEM (600 A) were placed
on copper grids covered with formvar and then processed for
immunocytochemistry.
The mounted samples were rehydrated in PBS for 15 minutes
and incubated with gentle shaking for one hour at room tem-
perature in PBS containing 5% (wt/vol) bovine albumin. The
samples were then rinsed in PBS for five minutes and incubated
for one hour at room temperature in PBS containing 1% (wt/vol)
bovine albumin and 18 g rabbit lgG/ml (anti-rat kidney PC).
After intensive rinsing in PBS they were incubated with a 1:25
dilution of the anti-rabbit IgG (whole molecule) gold conjugate
(10 nm) in PBS containing 1% (wt/vol) bovine albumin for 15
minutes. After three rinses in PBS the samples were stained
with uranyl acetate (2.5% wt/vol) and lead citrate.
Pyruvate carboxylase determination in isolated kidney tubules
and glomeruli
Highly enriched suspensions of glomeruli, proximal and
distal tubules were obtained by perusion of the whole kidneys
with PBS containing collagenase [15] and separation by density-
gradient Percoll centrifugation [14]. The fragments were freeze-
dried and extracted with a 150 mi Tris-HC1 buffer (pH 7.6)
containing 150 mri KC1, 10 m MgCI2 and 10% (vol/vol)
glycerol. After centrifugation at 15.000 g for 10 minutes, the
pyruvate carboxylase activity and total amount of the enzyme
were assayed in the supernatant.
Enzyme activity was assayed by a 14C02 fixation method
[16]. The oxalacetate formed was measured after its conversion
into citrate by citrate synthase. The acetylcoenzyme A was
synthesized from acetyl phosphate and coenzyme A in situ by
the reaction catalyzed by phosphotransacetylase. One unit of
enzyme activity represented the synthesis of I mol of oxalac-
etate/min, and specific activity is expressed in U/mg of protein.
The amount of pyruvate carboxylase in the different tubule
fractions was assayed by a competitive ELISA, according to
Ahmad, Ahmad and Mendez [171, using purified rat kidney
cortex PC for the construction of a standard curve.
Total protein content in the extracts was measured using
Bradford's method [18] with crystalline-bovine serum albumin
as a standard.
Results
Characterization of the antibodies against rat kidney cortex
pyruvate carboxylase
The antibodies obtained against rat kidney cortex PC were
titered by ELISA. The titer was positive until a 1:200.000
dilution was reached (Fig. 1). A single connecting precipitin line
was observed when anti-PC serum was immunodiffused against
both crude (mitochondrial extract) and purified rat kidney PC.
After incubating the crude extracts, the ammonium sulphate
fraction, or the purified enzyme with anti-rat kidney pyruvate
carboxylase serum for 12 hours at 4°C, all pyruvate carboxylase
activity ceased. These samples were centrifuged at 15.000 g and
the precipitates electrophoresed in SDS-PAGE. In all the
samples there was only one protein band of 125.000 daltons,
corresponding to the PC subunit, as well as two additional
protein bands, corresponding to the heavy and light chains of
the IgG (Fig. 2). Western blotting of the crude extracts and
purified PC revealed that IgG anti-rat kidney cortex PC recog-
nized only one protein band. These experiments clearly show
that the antibodies we obtained were highly specific for pyru-
vate carboxylase and were also capable of precipitating the
enzyme.
Distribution of pyruvate carboxylase along the rat nephron
This study was carried out in two different ways: qualitatively
by immunocytochemistry and quantitatively by enzyme assays
and ELISA in extracts from the fractions enriched in specific
nephron segments.
Immunocytochemistry of pyruvate carboxylase. The enzyme
was localized using a transmission electron microscope. As can
be seen in Figure 3A, our fixing method satisfactorily preserved
the renal structures. Clear differences between the proximal
and distal tubules are seen. The proximal tubules are charac-
terized by the presence of brush border membranes in the
luminal side, by a well defined basal lamina with invaginations
into the cytoplasm, and by the size, shape and abundance of
their mitochondria. The distal tubules, on the other hand, are
thinner and lacking in brush border membranes; the basal
lamina is poorly defined and they have fewer and smaller
mitochondria. The antigenic response is well preserved, as can
be seen in Figure 3B and C. Gold labelling is almost exclusively
seen within the mitochondria, as might be expected bearing in
mind the intracellular distribution of this enzyme. In a relatively
large number of preparations a few gold particles were seen
attached to the cytosolic side of membrane mitochondria.
Glomeruli are also very well preserved. Even though the
mitochondria are much fewer in number, some labelling was
detected (not shown). In addition to the differences in the size
and intracellular distribution of the mitochondria, many more
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gold conjugates were seen in mitochondria from proximal
tubules than in those from distal tubules or glomeruli.
Quantification of pyruvate carboxylase. As it is difficult to
quantify the enzyme in the ultramicroscopic preparations, we
did it with nephron-enriched fragments obtained by collagenase
digestion of the whole kidney followed by centrifugation in a
self-generated density gradient (40% isoosmotic Percoll) [14].
With this method a relatively pure band of glomeruli was
obtained at the top, followed by a second band highly enriched
in distal tubules (80%), and a third band of proximal tubule
fragments. After harvesting these bands were frozen in liquid
nitrogen and then lyophilized. Pyruvate carboxylase abundance
and activity were measured by immunological and kinetic
methods respectively in resuspensions of the freeze-dried tis-
sues (Table 1). The calibration line used to quantify the enzyme
by ELISA appears in Figure 4. Taking that the quantities of
glomeruli, proximal and distal tubules measured on a weight
basis, are 10%, 60% and 30%, respectively, it can be calculated
that the distribution of pyruvate carboxylase in these kidney
cortex fractions is close to 5%, 75% and 20%. These figures
correlate well with the amount and size of the mitochondria
found in the fractions and also with the physiological role of the
enzyme.
Discussion
We have used an immunization protocol to prepare anti-PC
antibodies that produced high titers as well as a very low level
of nonspecific binding in our assays. The high specificity of the
antibodies has been demonstrated by inactivation and precipi-
tation of the enzyme, radial immunodiffusion, SDS-PAGE and
Western blots. This is also a consequence of the purity of the
antigen employed. In spite of the fact that biotin enzymes share
some structural similarities, there were no cross reactions;
similar results have been found for anti-rat liver pyruvate
carboxylase serum [3].
The competitive ELISA used to determine the enzyme quan-
tities gave results identical to those obtained by densitometry of
Western blots stained with anti-rabbit, peroxidase conjugated
Migration, cm
Fig. 2. Photodensitometric scans of Coomassie blue-stained proteins
after SDS-PAGE. A. Rat kidney cortex pyruvate carboxylase. B. The
pellet of an incubation of crude mitochondrial extract from rat kidney
cortex with IgO from rabbit anti-pyruvate carboxylase serum. C.
Purified IgG from rabbit serum.
IgG, as there is no cross reaction between the anti-PC serum
and other proteins.
For immunocytochemical detection of the enzyme we em-
ployed two different methods for fixing the tissues. The anti-
genic structure of PC was better preserved by incubating small
cubes of kidney cortex for one hour in 1% glutaraldehyde in
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Fig. 1. Titering of rabbit serum anti-rat
kidney cortex pyruvate carboxylase. The
antigen was 1 and 0.1 pg/well of purified rat
kidney pyruvate carboxylase, the second
-
antibody was horseradish peroxidase-120
conjugated goat anti-(rabbit IgO) antibody
(normal dilution 1:1.000).
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Fig. 3. Transmission electron microscopic photographs of proximal and distal tubules. Bars inside the pictures indicate the magnification. The
arrows show some colloidal gold labelled pyruvate carboxylase. A. Proximal and distal tubules from rat kidney, 1 cm = 1 j.&m. B. Detail of proximal
tubule mitochondria, 1 cm = 0.25 jtm. C. Detail of distal tubule mitochondria, 1 cm = 0.2 Mm.
PBS and embedding them in Lowicryl, as evidenced by the great number of vacuoles, which seriously impair an accurate
higher number of gold particles seen inside the mitochondria. identification of the renal structures. Therefore, although PC is
The tissues were severely altered, however, and contained a rendered less antigenic when the kidney is perfused with higher
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Table 1. Distribution of pyruvate carboxylase in different nephron
fractions
Fraction
Activity
mU/mg thy
weight
Amount
pg/mg dry
weight
Glomerulus 9.56 0.18 1.23 0.13
Proximal tubule 43.23 1.19 2.75 0.16
Distal tubule 23.93 0.37 1.71 0.05
concentrations of both glutaraldehyde and paraformaldehyde,
this method was preferred as it better maintained the integrity
of the renal structure.
The location of the enzyme within mitochondria was demon-
strated in 1970 [41, but as far as we know this is the first time
that it was shown by immunocytochemical methods. The pres-
ence of some gold particles attached to the cytosolic side of
external mitochondrial membranes may be due to newly syn-
thesized polypeptide chains. Although the possibility cannot be
ruled out that they may be put down to local disorganization of
mitochondrial membranes followed by the egression of the
matrix content, this does not seem probable. If mitochondrial
phatase and phosphoenolpyruvate carboxykinase are concen-
trated in these structures [8, 14, 19—22]. The distal tubules, on
the other hand, are predominantly glycolytic and hexokinase,
phosphofructokinase and pyruvate kinase are present to a
greater extent in these tubular structures [14, 19, 231. Although
the distribution of these enzymes is well documented, until now
it has not been possible to study the distribution of pyruvate
carboxylase due to its lability [8]. Its appearance in all the types
of renal structure studied is in accord with its central role in
metabolism, but the higher distribution in the proximal tubules
is directly related to its importance in gluconeogenesis.
The good correlation between our immunocytochemical,
enzymatic and immunochemical results support the validity of
the methods used.
At present we are measuring modifications in the quantity of
the enzyme during perinatal development and in several patho-
logical conditions such as diabetes and carbon tetrachloride
intoxication. A good correlation has been observed between the
metabolic functioning of the kidney and the quantities of
pyruvate carboxylase present.
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